Introduction: Mammalian target of rapamycin complex 1 (mTORC1) is an evolutionary conserved multiprotein complex that functions as a key regulator of gene transcription, protein translation, and autophagy. No studies have assessed associations between functional single nucleotide polymorphisms (SNPs) in mTORC1 genes and risk of esophageal squamous cell carcinoma (ESCC). Methods: In a case-control study of 1126 ESCC patients and 1131 cancer-free controls, we genotyped eight SNPs in mTORC1 (mTOR rs1883965 G>A and rs2536 T>C, mLST8 rs3160 C>T and rs26865 G>A, RPTOR rs3751934 C>A, rs1062935 T>C, rs3751932 T>C and rs12602885 G>A) and assessed their associations with risk of ESCC. Results: In the single-locus analyses, we found a significantly altered risk of ESCC associated with mTOR rs1883965 A variant genotypes (adjusted OR = 1.27 and 1.26; 95% confidence interval = 1.01-1.60 and 1.01-1.58 for GA and GA/AA, respectively, compared with GG) but not with other SNPs. In the combined analysis of the eight SNPs, we found individuals with two or more unfavorable genotypes exhibited an increased risk for ESCC (adjusted OR = 1.35; 95% confidence interval = 1.20-1.62), compared with those with less than two unfavorable genotypes. Such a cumulative effect was dose-dependent (p trend = 0.004). In the multiple dimension reduction analysis, mTOR rs1883965 was consistently suggested as the strongest individual factor for ESCC risk, and the model including all SNPs yielded the lowest prediction error of 17.66% for model validation. Conclusions: These findings suggest that functional SNPs of mTORC1 genes may individually or collectively contribute to ESCC risk. Further validation of these findings is warranted.
mapped to 17q25.3 and 16p13.3, respectively. The RPTOR forms a stoichiometric complex with mTOR and plays a role in nutrient-stimulated signaling to S6K1, maintenance of cell size and mTOR protein expression, 5 whereas the mLST8 can bind to the kinase domain of mTOR and regulate the mTOR kinase activity. 11 In light of the critical role of the mTORC1 pathway in maintaining proper cellular function, it is possible that some functional single nucleotide polymorphisms (SNPs) of genes involved in this pathway may have an effect on cancer risk. Because no published studies have investigated the role of SNPs of the mTORC1 genes in the etiology of ESCC, we genotyped some selected potential functional SNPs of the mTORC1 genes and investigated their associations with the risk of ESCC in a Chinese population.
MATERIALS AND METHODS

Study Subjects
The study included 1126 patients with ESCC and 1131 cancer-free controls, who were all genetically unrelated ethnic Han Chinese from Eastern China. Patients recruited into this study were diagnosed with newly diagnosed and histopathologically confirmed primary ESCC from Shanghai Cancer Center, Fudan University between March 2009 and September 2011, with a response rate of 93%. Exclusion criteria included patients who had other cancers, primary tumors outside the esophagus, and tumors of an unknown origin. Cancer-free controls, frequency matched to the cases by age (±5 years) and sex, were recruited from the Taizhou Longitudinal Study at the same time period, as described previously, 12 in which the response rate was approximately 90% among those who were approached for participation in the study. Having provided a written informed consent, each participant was personally interviewed for the collection of demographic data and environmental exposure history, such as age, sex, ethnicity, body mass index (BMI), tobacco and alcohol consumption. At the end of the interview, each subject donated approximately 10-ml venous blood sample, of which 1 ml was used for genomic DNA extraction. This study was approved by the institutional review board of the Shanghai Cancer Center, Fudan University.
SNP Selection and Genotyping
We searched the National Center for Biotechnology Information dbSNP database (http://www.ncbi.nlm.nih.gov/) for common, potentially functional SNPs and SNPinfo (http:// snpinfo.niehs.nih.gov/) to identify the candidate SNPs based on the following four criteria: (1) located at the regulatory region of genes (i.e., exon, the 5′ near gene, 5′ untranslated regions [UTR], 3′UTR, 3′ near gene and splice sites); (2) the minor allele frequency (MAF) ≥ 5% in Chinese Han, Beijing descendants reported in HapMap; (3) affecting the microRNA binding sites activity or affecting transcription factor binding site activity in the putative promoter region or changing the amino acid in the exons; (4) not included in the SNP chips used in the published genome-wide association studies (GWAS) of ESCC. Only SNPs satisfied most of these criteria were finally selected. For the RPTOR gene, we initially identified eight SNPs (rs4890040, rs4890039, rs12602885, rs11658698, rs3751934, rs1062935, rs3751932, and rs1045626). However, because rs1045626 was in high LD with rs1062935 (r 2 = 0.976), we only chose rs1062935 in the 3′UTR region. In addition, we excluded three SNPs (rs11658698, rs4890040, and rs4890039) located in the 5′ near gene, because rs11658698 was included in GWAS, 13 whereas the other two SNPs were in high LD with rs11150863 (r 2 = 0.975, 1.000 for rs4890040 and rs4890039, respectively), which is also included in GWAS. 13 As a result, we selected three SNPs in the 3′UTR of RPTOR (rs3751934 C>A, rs1062935 T>C, and rs3751932 T>C) and one SNP in the 5′UTR of RPTOR (rs12602885 G>A) for genotyping. For the mTOR gene, we initially identified three SNPs (rs1883965, rs2536, and rs12125777). Because rs12125777 was in complete LD with rs2536 (r 2 = 1.000), we only chose rs2536 that was investigated in a previous study. 14 Finally, we included one SNP in the intron-1 region of mTOR (rs1883965 G>A), one SNP in the 3′UTR of mTOR (rs2536 T>C) for genotyping. For the mLST8 gene, we initially confirmed three SNPs (rs26865, rs27699, and rs3160). Because rs27699 was in high LD with rs26865 (r 2 = 0.911), we only chose rs26865. Finally, we selected one SNP in the promoter region of mLST8 (rs26865 G>A) and one SNP in the 3′UTR of mLST8 (rs3160 C>T) for genotyping.
In the present study, we could not include any SNPs in exons for genotyping because no nonsynonymous SNPs met the selection criteria with MAF ≥ 5% in Chinese Han, Beijing. Genomic DNA was isolated from blood samples, and the TaqMan assay was performed for genotyping, as described previously.
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Statistical Methods
The χ 2 test was used to assess differences in the frequency distributions of the selected demographic variables, risk factors, and genotype of the selected SNPs between the cases and controls. Univariate and multivariate logistic regression analyses were performed to calculate crude and adjusted ORs and their 95% confidence intervals (CIs) for ESCC risk, which were also stratified by the subgroups of age, sex, BMI, and smoking and drinking status. The Hardy-Weinberg equilibrium for genotype distribution in controls was tested by a goodness-of-fit χ 2 test. To account for chance associations from multiple comparisons, we used the false-positive report probability (FPRP) to assess the false-positive association findings. We calculated FPRP with prior probabilities of 0.0001, 0.001, 0.01, 0.1, and 0.25. Results with an FPRP value less than 0.20 were considered a noteworthy association. 16 All tests were two-sided, and a p < 0.05 was considered statistically significant. All statistical analyses were performed with SAS software (version 9.1; SAS Institute, Cary, NC).
The possible high-order gene-gene or gene-environment interactions in the association with ESCC risk were identified by using the multiple dimension reduction (MDR) software (V2.0 beta 8.2). 17 We used 100-fold cross-validation and 1000-fold permutation testing under the null hypothesis of no association, and the best candidate interaction model was
RESULTS
Characteristics of the Study Population
There were no statistically significant differences in the distributions of age and sex between the cases and controls. However, the cases were more likely to be smokers (61.55% versus 54.02%; p = 0.0003) and drinkers (44.44% versus 32.63%; p < 0.0001) as well as having BMI < 25.0 (63.68% versus 43.94%; p < 0.0001) than the controls (Table 1) . Therefore, these variables were further adjusted for in later multivariate analyses.
Association between Eight Selected SNPs and ESCC Risk
All the observed genotype frequencies for the eight selected SNPs agreed with the Hardy-Weinberg equilibrium in the controls, and all the SNP calling rates were more than 99.00%. In the single-locus analyses, we found that significantly increased ESCC risk was associated with mTOR rs1883965 A variant genotypes (adjusted OR = 1.27, 95% CI = 1.01-1.60 for GA versus GG; adjusted OR = 1.26, 95% CI = 1.01-1.58 for GA/AA versus GG) and RPTOR rs12602885 A variant genotypes (adjusted OR = 0.68, 95% CI = 0.47-0.98 for AA versus GG). However, these risk associations were not observed for other individual SNPs (Table 2) .
In the combined analysis of eight SNPs in mTORC1, we categorized all putative risk (OR > 1.0) genotypes from each SNP into a new variable according to the number of risk genotypes (for the protective genotype, OR < 1.0, we reversed the reference group). As a result, we found that individuals with two or more unfavorable genotypes exhibited increased risk for ESCC (adjusted OR = 1.35, 95% CI = 1.20-1.62), compared with those with less than two unfavorable genotypes. Furthermore, such a cumulative effect on risk was risk-genotype dose-dependent, as evidenced by a significantly increased risk of ESCC with an increasing number of observed risk genotypes (adjusted OR = 2.40, 95% CI = 1.19-4.83 for two risk genotypes; adjusted OR = 2.45, 95% CI = 1.22-4.94 for three risk genotypes; adjusted OR = 2.82, 95% CI = 1.36-5.84 for four risk genotypes; p trend = 0.004; Table 2 ). In addition, we discovered that a combination of SNPs in all genes under investigation produced a higher level of risk compared with two SNPs in the same gene (Supplementary Table 1 
Stratification Analysis
We further estimated the combined effect of those unfavorable genotypes on ESCC risk stratified by selected variables. As shown in Table 3 , the increased risk of ESCC associated with two or more unfavorable genotypes was more pronounced among older subjects (adjusted OR= 1.66, 95% CI = 1.29-2.15), males (adjusted OR = 1.41, 95% CI = 1.15-1.74), ever-smokers (adjusted OR = 1.55, 95% CI = 1.21-1.98), never-drinkers (adjusted OR = 1.47, 95% CI = 1.16-1.86) and subjects with BMI < 25.0 (adjusted OR = 1.41, 95% CI = 1.10-1.80), compared with those with less than two unfavorable genotypes. However, further homogeneity tests showed that there were no significant differences (p > 0.05) among all strata except for older subjects (p for homogeneity = 0.026). In addition, there was no statistical evidence of geneenvironment interactions between the variant genotypes and these variables on ESCC risk.
Association of High-Order Interactions with ESCC Risk by MDR Analysis
In the MDR analysis, we found that rs1883965 was the best one-factor model with a maximum CVC of 98 of 100 and a minimum lowest prediction error of 48.4% among all studied SNPs (p = 0.0479 for the prediction error). More interestingly, the eight-factor model including the combination of all studied SNPs had a minimum prediction error of 33.2% and a maximum CVC of 100 of 100, and the prediction error was statistically significant (p < 0.0001), which was showed to be the best model to predict ESCC risk for this study population (Table 4) .
FPRP Values for All Significant Associations
With the assumption of a moderate prior probability of 0.1 and the observed ORs, the FPRP values were 0.174, 0.150, 0.121, 0.028, and 0.004, respectively, for associations of the 2 to 6 combined risk genotypes with an increased risk of ESCC in all subjects and in subgroups of older subjects. The FPRPs for all of the above-mentioned significant associations were below the threshold of 0.20, suggesting that these associations were noteworthy findings as presented in the current study (Table 5) .
DISCUSSION
In the present study, we found that mTOR rs1883965 A variant genotypes were individually associated with an increased ESCC risk in the Eastern Chinese population. When all unfavorable genotypes were combined, risk of ESCC increased as the number of at-risk genotypes increased, suggesting that these eight SNPs may collectively contribute to risk of ESCC. Furthermore, results from the MDR analysis also consistently identified mTOR rs1883965 as the main single susceptibility locus and the combinations of all studies SNPs contributed to ESCC risk. These findings seem to be biologically plausible.
It is known that the mTOR protein is involved in a complex signaling network of controlling cell growth, proliferation, cell cycle, and autophagy, 11 and the knockdown of mTOR in mice is embryonically lethal. 18 In addition, RPTOR interacts with mTOR to make the phosphorylation reaction of S6K1 and 4EBP1 possible, the two well-characterized mTORC1 effectors. 19 Similar to the knockout of mTOR, the knockout of RPTOR is also early embryonically lethal, 20 which underscores the biological importance of this gene. A previous study found that the knockdown of mLST8 in cells may suppress the phosphorylation of S6K1 and 4EBP1. 19 To date, only two reported studies have investigated the association between mTOR polymorphisms and risk of cancers. One earlier U.S. study of 1574 colon cancer cases and 1940 healthy controls found that one tagSNP rs1057079 was associated with a significantly increased colon cancer risk. 21 The later study conducted in Chinese children with 417 acute lymphoblastic leukemia cases and 554 controls showed a protective effect of rs2536 on risk of acute lymphoblastic leukemia, 14 which is not in agreement with our findings that no association was observed for the rs2536 variant with ESCC risk. Recently, an American study of 803 bladder cancer cases and 803 controls showed that RPTOR gene polymorphisms, including rs1062935, were associated with an increased cancer risk, 22 which is not consistent with our null result for rs1062935. Taken together, the inconsistent results between the present study and those studies with similar SNPs but different cancers by others may be due to different genetic backgrounds or etiologies of various cancers. For example, the mTOR rs2536 C allele frequency of the controls in the above-mentioned Chinese study and ours was similar (0.098 versus 0.076), suggesting that there was no methodological h The risk genotypes used for the calculation were mTOR rs1883965 GA/AA + rs2536 TC/CC, mLST8 rs3160 CC + rs26865 GG, RPTOR rs3751934 AA + rs1062935 CC + rs3751932 CC + rs12602885 GA+GG.
CI, confidence interval; BMI, body mass index.
bias in the genotyping method. Further validations in additional larger studies of different cancer types either in additional group of homogenous ethnicity or in more ethnically diverse groups are warranted. The present study, for the first time, found that SNP rs1883965 located in the intron-1 region of mTOR was associated with increased ESCC risk. Several studies have discovered that some disease-associated functional intronic variants may alter mRNA levels of genes by affecting the transcriptional efficiency, RNA elongation, or splicing. [23] [24] [25] For rs1883965, TRANSFA (http://www.gene-regulation. com) has predicted that it may affect the transcription factor binding site activity. Therefore, we speculated that it may be a causal SNP or in LD with either other functional polymorphisms, thereby altering the function of mTOR or with SNPs of an adjacent susceptibility gene. In fact, further LD analysis using the SNPinfo database found that rs1883965 was in high LD with a synonymous SNP rs1064261 (r 2 = 0.864), which was predicted to have an effect on splicing. It should be noted that the results derived from single SNP analysis tend to have a high false discovery rate, because multiple hypotheses are tested simultaneously and that the probability of type I error rates inflates with the increasing number of tests. Indeed, in the present study, greater FPRP values observed for the significant associations of rs1883965 variants with ESCC risk suggested a possible false-positive finding. However, all methods of testing multiple comparisons are very conservative when exploring candidate genes with a prior hypothesis. In any rate, additional large studies are required to replicate our findings.
We noticed that effect of the combined unfavorable genotypes on ESCC risk was more pronounced among older subjects. It is likely that older subjects may have been exposed environmental carcinogens for a longer time, which possibly led to more DNA damage that may have interacted with genetic variations in initiating carcinogenesis. However, we observed neither associations for other subgroups nor any statistical evidence for gene-environment interactions between the variant genotypes and these variables on risk of ESCC. The possible reason may be that this subgroup finding often suffers from reduced statistical power or simply due to chances. Therefore, such a finding needs to be confirmed in future larger studies. Some significant findings of the present study suggested some complex gene-gene interactions, which were consistently identified through different analytic approaches. In the logistic regression model, a locus dose-response was found for the increased ESCC risk with the increasing number of risk or unfavorable genotypes of all studied SNPs. In the MDR analysis, eight-factor model, including the combination of all studied SNPs, is the best model to predict ESCC risk in this study population. These results suggest that all studied SNPs may have a joint effect on risk of ESCC, although the evidence of true interactions was weak and the mechanisms underlying these high interactions remain to be elucidated. Given their integration of functions of the multiprotein complex consisting of mTOR, RPTOR, and mLST8 in the mTORC1 pathway, it is biologically plausible for these potentially functional polymorphisms to have a synergistic effect that was detected in this study.
In summary, the present study investigated the associations between mTORC1 polymorphisms and ESCC risk with a relatively large sample size. One strength is that we used diverse approaches to analyze the data, including logistic regression and MDR, for accessing possible interactions. However, there are some inherited limitations. First, as a hospital-based case-control study, this study may be subject to inherent biases for selection of the nonrepresentative subjects and retrospective collection of exposure data. Second, the selection of SNPs was based on prior knowledge of potentially functional SNPs instead of tagging SNPs, which may miss some important variations within the genes. Finally, because the MAF of some SNPs in the present study was low, we had limited statistical power to detect significant associations in some subgroups, let alone the power to assess gene-environment interactions adequately. Therefore, additional larger, well-designed, and population-based studies are warranted to confirm our findings. Tables 2 and 3 . b Calculated the genotype frequency distributions using the omnibus χ 2 test in Tables 2 and 3 . c Calculated statistical power using the number of observations and the OR and p values in Tables 2 and 3. 
